A magnetic perturbation technique was used to nondestructively de-cr> 10 tect subsurface nonmetallic inclusions in the inner races of 207-size, ci W deep groove ball bearings. The bearings were fatigue tested at 2750 rpm under a radial load of 5860 newtons (1320 Ib). The inner races were subsequently sectioned at fatigue spall locations and at magnetic perturbation signal locations. Analyses of the data indicated good correlation between magnetic perturbation signals and inclusion size and location. Exclusion of those bearings that had significant magnetic perturbation signals did not alter the statistical life of the bearings.
INTRODUCTION
Fatigue spalls in rolling-element bearings can be initiated at non-2 metallic inclusions in the bearing steels [1 to 5] . In the concentrated contact between rolling-elements, inclusions near the rolling surface act as stress concentrations. Fatigue cracks nucleate at these inclusions, and propagate under repeated stresses to form a network of cracks which eventually forms a fatigue spall. Such inclusions are not the sole source of stress concentration which originate rolling-element fatigue cracks.
Member ASME. 2 Numbers in brackets designate references at the end of the paper.
Other stress concentrations include: large or unusual carbide formations; surface flaws such as debris dents, grinding furrows, skids, and corrosion pits; misalinement and edge loading of rollers. However, subsurface inclusions are the dominant stress raisers at which fatigue cracks originate [5J.
The location, size and type of nonmetallic inclusion are important in the initiation of fatigue cracks. Generally, only those inclusions at the surface and in the near subsurface zone of high shear stress have been found to initiate fatigue cracks that propagate and develop into fatigue spalls [3|. Although there is some evidence of fatigue crack initiation at very small inclusions, most evidence of fatigue crack initiation is from the larger inclusions [4, 5J. The hard, nonmetallic inclusions, such as oxides, or aluminas, are found to be significant stress raisers whereas the softer sulfide inclusions have generally shown no detrimental effects [5|.
Initially, rolling-element bearing steels were produced by basic electric arc melting. Within the last 10 to 15 years, vacuum-melting processes such as carbon vacuum degassing and consumable-electrode vacuum-melting have significantly reduced the nonmetallic inclusion count from that of the earlier materials. Even in exceptionally clean materials, nonmetallic inclusions are present to some degree and, depending on their size and location can be the nucleus of fatigue cracks as a result of the repeated stressing in rolling contact. Accordingly, nondestructive inspections are used in the bearing industry to eliminate those bearing components containing flaws. The most widely used method, magnetic particle [6, 7j , is capable of finding larger flaws and those penetrating the surface, but it is not sensitive enough to find the very small flaws, approximately 0. 0025 to 0. 0075 centimeters (0. 001 to 0.003 in.) in diameter that often cause bearing fatigue failures. Therefore, in applications of rolling-element bearings where very high reliability is required, a nondestructive inspection method that would detect harmful nonmetallic inclusions in critical areas of the bearing components would be a valuable tool. More reliable bearings could be assembled with bearing components that show no significant inclusions in this inspection.
Magnetic perturbation is a nondestructive inspection method that detects the presence, location, and size of nonmetallic inclusions, voids, and local metallurgical inhomogeneities in ferromagnetic materials |8-11J. The capability of this method for detecting the very small, nonmetallic inclusions at the surface and within the first few mils of depth in rolling-element bearing steels has previously been reported [12,13|. The research reported herein, which is based on the work reported initially in [12 and 14j, was undertaken to investigate the correlation between magnetic perturbation results and rolling-element fatigue. The objectives were to (a) inspect inner-races of 207-size, deep-groove ball bearings by magnetic perturbation and document significant inclusions, (b) fatigue test sufficient numbers of these bearings and compare the results with the inspection measurements, and (c) determine the relation between the magnetic perturbation results and the location and size of nonmetallic inclusions as determined by metallurgical sectioning.
APPARATUS AND PROCEDURE

Magnetic Perturbation Method
The fact that voids, inclusions, local metallurgical structure inhomogeneities, and local stresses can influence the configuration of magnetic domains is the basis of the magnetic perturbation method [8-13, 15-24J. The method essentially consists of establishing a magnetic flux in the region of the material being inspected, and then scanning the surface of the material with a sensitive magnetic probe to detect anomalies or perturbations in the magnetic flux. After visual analysis of the records, specific regions on a number of specimens were re-inspected, magnetically, and expanded sweep photographs of signatures were obtained. These expanded sweep records permit a more detailed evaluation of the signature source. In addition, photomicrographs of the race surface at approximately X50 magnification were obtained at the location of the signals on most of these races.
After endurance testing, magnetic perturbation inspections were accomplished in a manner similar to those obtained prior to endurance testing, except when severe spalling of a raceway had occurred. The surfaces were examined at X50 and XlOO magnification for signs of cracking at signal locations.
Test Bearings
The inner races investigated in this program were taken from 207size deep-groove ball bearings of ABEC grade 5. The inner races were from one heat of air-melted, vacuum-degassed AISI 52100 steel. Rockwell C hardness of the inner races was 62. 0 to 62. 5. The balls were AFBMA grade 10, made from another heat of AISI 52100 and hardened to Rockwell C 63. 5 to 64.0.
Of the 100 bearing inner races, only 54 could be used for fatigue testing because of the availability of a suitable set of outer races. The 54 assembled bearings included the 20 inner races with.the largest and most critically located signals associated with voids and/or inclusions.
Bearing Fatigue Tests
These fifty-four bearings were the identical bearings that were used for the prestessing study reported in 114J. This prestressing study involved the fatigue testing of two groups of 27; bearings per group. One group was subjected to a prestress cycle prior to fatigue testing but after the magnetic perturbation inspection. This cycle consisted of running the bearing at 2750 rpm for 25 hours under a radial load pro-Q ducing a maximum Hertz stress of 3. 3x10 newtons per meter squared (480 000 psi) at the inner-race-ball contact. The other group of 27 bearings was not subjected to the prestress cycle.
All 54 bearings were fatigue tested in a test rig capable of simultaneously running four bearings at 2750 rpm under a radial load of 5860 9 newtons (1320 Ib), a maximum Hertz stress of 2.4X10 newtons per meter squared (350 000 psi) at the inner-race-ball contact, and jet lubricated with a super-refined naphthenic mineral oil. Bearing outerrace temperature was 339 to 344 K (150° to 160° F).
Each bearing was run until fatigue failure or until a preset cutoff 0 time was reached. This cutoff time was 4000 hours (6.6x10 cycles) Q Tor the baseline bearings and 10 000 hours (16. 5x10 cycles) for the preslressed bearings. The prestressed bearings had a 10 percent fatigue life at least twice that of the 27 baseline bearings [14] .
RESULTS AND DISCUSSION
Magnetic Perturbation Inspection Results
Analysis of the magnetic inspection records disclosed 23 out of the total of 100 inner races with signals associated with voids and/or inclusions. In figure 3 inspection records with typical inclusion signatures indicated by arrows are shown. Figure 3 (c) is an exception since the "polarity" is opposite of that for an inclusion, but this signature is presented to illustrate discrimination of the method. It is noted that this signal when examined from left to right first goes upward and then downward, whereas the signal typical of an inclusion or void first goes downward and then upward. Typical expanded sweep records are presented in figure 4 , The signature from specimen number 11 is opposite in polarity from an inclusion signal and therefore is not from an inclusion. Table I shows typical data taken from the magnetic perturbation records for several bearing races that were tested.
Fatigue Results
Fatigue life results are shown in the Weibull plots of figure 5 for the two groups of baseline and the prestressed bearings. Of the 27 bearings in each group, 10 in each group showed magnetic perturbation signals which indicate the presence of inclusions or voids which could be expected to be detrimental to bearing fatigue life. If these ten bearings from each group would have been excluded from the test groups as "inferior" bearings, the fatigue life results would appear as in figure 6 .
In figure 6 , Weibull plots for the remaining 17 bearings in each of the two groups are shown. There are only three and five inner-race fail-ures to be considered for the baseline and prestressed groups, respectively. It can be seen, however, that the statistical lives of the groups without the "inferior" bearings are no better than the lives of the 
Metallurgical Analysis
A detailed appraisal of the magnetic perturbation data indicates that good correlation exists between the magnetic perturbation signal and inclusion location and size. Each void signature region was metallurgically examined. In each case an inclusion was found. The data of table I are details on the sectioned specimens. Race number 131 failed at the signal location, and the inclusion was not found, but was assumed to have spalled out. Races number 11 and 116 with large opposite polarity signatures were sectioned to establish the source of these signatures.
Initial optical examination of the raceway surfaces in the vicinity of these signal locations revealed no local surface alternations. The subsequent sectioning operation likewise failed to show any microscopically detectable flaw or anomalous condition, even though the same precision sectioning procedure (used to confirm all void signals) was followed. 
